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Abstract 
A platinum-aluminide environmental coating has been subjected to simulated operating thermal cycles normally encountered in 
land-based gas turbines. The oxidation was undertaken in a mixture of gas with 6 vol.% steam. The specimens were subject to
long term cycles (1000 hrs) at temperatures 850°C, 900°C, 950°C and 1050°C for up to ten cycles. Growth of the thermally 
grown oxides with thermal exposure is explored, and the fracture and delamination modes of the protective oxide layer were
characterised by scanning electron imaging combined with focus ion beam milling. Two representative failure modes of the 
thermally grown oxide are proposed and discussed.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Aluminised diffusion coatings with and without the presence of a thermal barrier coating (TBC) are used on 
nickel-based and cobalt-based superalloy blades in aero engines and land-based gas turbines to protect these 
components from high temperature oxidation. There are two main routes of preparation for these coatings: one is 
inward diffusion of Al and the other is outward diffusion of Ni. The concept of Pt modification in aluminised 
coatings, first introduced by Lenhardt 1 is considered to enhance the performance 1-3 and improve the stability of the 
coating 4. The addition of Pt to aluminised coatings is known to improve the adherence 3 and retard the growth rate 5
of the alumina rich thermally grown oxides (TGO) which provide a protection to the superalloy against oxidation at 
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high temperatures 6, 7. However, the durability of this protective coating relies primarily on the aluminium content. 
During exposure to high temperature the depletion of Al results in the destabilisation and transformation of the main 
β-NiAl phase in the coating to other phases that contain lower concentrations of Al.  Further thermal exposure 
enables other elements present in the alloy-substrate, in particular refractory elements, to diffuse outward and form 
brittle phases which, in turn, affect the creep properties of the coating. The formation of such phases and spinel-
oxides has been proposed to be an indication for coating failure8-10. Furthermore, the alumina-rich TGO can 
delaminate due to the build-up of residual stresses generated by the growth of this oxide combined with the 
difference in the thermal expansion between the TGO, the coating and substrate 11. 
In this paper, an inward growing Pt modified aluminide coating, RT22, first developed by Seeling and Stuber 12 is 
investigated. RT22 has a better oxidation 13, 14, hot corrosion 15 and thermal fatigue resistance compared with a 
simple aluminide diffusion coating 13, 16, 17. For this type of conventional coating, the short term cyclic behaviour at 
low and high oxidation temperatures has been investigated by various workers in terms of the underlying chemical 
reactions, the diffusional processes and depletion mechanism of the coating 2, 3, 14, 18-20. Long term isothermal 
oxidation behaviour was discussed by some workers but the emphasis was placed on the diffusional analysis of 
chemical elements across the coatings 5, 16, 21-24. The novelty of this present work is that the RT22 coating has been 
oxidised in a mixture of gas and subjects to long term thermal cycles to simulate the working environment for land-
based gas turbines. The specific progressive fracture and delamination behaviour of the TGO under these conditions 
is discussed.  
2. Experiments 
The specimens have a platinum aluminide coating on a Ni-based superalloy single crystal CMSX-4 substrate. 
The coating, RT22, is manufactured by Chromalloy UK. It is also referred to as BC in the text because it can be 
applied either independently as a protective coating or as BC in a TBC coating system. The coating process involves 
electrolytic deposition of Pt onto the surface to a thickness of approximately 7 ± 2 μm, followed by a diffusion heat 
treatment of 1 hr at about 1010ºC. The aluminisation was performed by a pack cementation process for 20 hrs at 
about 875ºC. Finally the specimens were heat treated at temperatures between 800 ºC and 900ºC for 16 hrs, during 
which the diffusion of elements such as Cr, Re, W, Mo and Ta occurred between the coating and substrate. This 
created an interdiffusion zone with an average thickness of about 17 μm. A list of the compositions obtained from 
different regions of the BC can be found elsewhere 25. The specimens were isothermally exposed in a combustion 
gas atmosphere in a furnace at Cranfield University as part of the Supergen †  collaboration project. The dry 
combustion gas consisted of 1% argon, 3.4% CO2 and 15% O2 by volume with the balance being N2. Steam at 
approximately 6 vol. % was added to the gas via a bubbling water bath. This combustion gas provides a realistic 
simulation of  the environment in which industrial gas turbine blades are operated. The specimens were isothermally 
exposed at temperatures of 850, 900, 950, 1000 and 1050ºC for times of 1000, 2000, 4000 and 10000 hrs, followed 
by cooling in air. Characterisation of the TGO was carried out in FEI Helios 600i Dual Beam Workstation. Here 
gallium ions were used for milling and imaging together with scanning electrons for imaging. 
3. Results and discussion 
3.1. Growth of the oxide at 850°C 
For the specimens oxidized at 850°C, two extreme examples are compared: 850C1000h and 850C10000h. 
Undulation of the surface was observed in 850C1000h specimen to have an average amplitude of ~7 ± 3 μm 
whereas for extended exposure at 850C10000h the average is 15 ± 5 μm. To reveal the true profile of the cross-
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of 30 kV and a current of 20 nA was used to mill cross-section trenches. Subsequently the ion beam current was 
reduced to 2.7 nA to clean the cross-section. One representative example for 850C1000h specimen is shown in Fig. 
1a and at higher magnification in Fig. 1b. The TGO/BC interface and the surface of the TGO are marked red and 
black respectively to demonstrate that the undulation of the BC is not in phase with that of the oxide surface, Fig. 
1b. This difference is due to the long exposure (1000 hrs each cycle) at high temperature, and this allows substantial 
and non-uniform growth of the TGO. No large scale delamination was observed in 850C1000h specimen, and this 
may be because the oxide at this stage was thin with no local cracking across the oxide 26. 
 








Fig. 1. 850C1000h specimen: (a) SEM image of a trench (~55 μm in length) created by focused ion beam milling and revealing the TGO/BC 
interface; and (b) a enlarged image of localised TGO/BC morphology in (a). Both of the images were taken at a tilt of 52º with respect to the 
incident electron beam. 
 
     Examination of the 850C10000h specimen revealed that a thicker Al2O3 layer, approximately 1.5 μm thick, was 
formed at the TGO/BC interface. Whereas the Al2O3 layer was only ~ 0.7 μm thick in the 850C1000h specimen. In 
both cases, however, the fast growth of mixed oxides rich in Al, Cr and Co took place prior to the formation of this 
dense protective Al2O3 layer. This is confirmed by EDX analysis27. This fast growing oxide was apparently not 










   Fig. 2. (a) SEM image of a typical surface in specimen 850C10000h highlighting cracks observed on top of the bumps (pointed by arrows). A 
rectangular FIB trench was milled to reveal the cross-section of these bumps. In this current image, only the rectangular outline of the trench is 
shown. Five bumps have been investigated, marked with numbers 1 to 5. Bump 5 has been milled across by seven slices to create a 3D view. One 
particular slice is shown in (b) to reveal the surface cracks on the side of the bump. 
 
     Cracks in the oxide undulations (bumps) were observed at many locations in the 850C10000h specimen; one 
example is shown in Fig. 2a. Examination of the five bumps containing cracks was undertaken by in-situ FIB 
milling as shown in Fig. 2b. The cracks observed were within the top layer of fast-growing oxide without further 
penetration into the underlying layer of dense Al2O3. This was confirmed using a 3D slice-and-view method where 
several slices (~ 1 μm thick) were created across a few bumps. Fig. 2b is a representative slice where pores are 
visible in the top layer. The crack is considered to be a result of the coalescence of pores but this could not be 
established unambiguously. No deeper cracking was observed in this 850C10000h specimen.       
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3.2. Growth of the oxide at 950°C 
     After 1000 hrs at 950°C, no obvious cracking of the oxide layer was observed. However, local delamination of 
the TGO occurred after two cycles (2000 hrs), leaving the bare BC exposed to the oxidising gas, Fig. 3. Further 
oxidation of the bare surface (healing) then took place, and this process repeated to produce multi-layers of oxide 
overlays after 10000 hrs of thermal exposure.  
     To explore the origin of the initial cracking on TGO, in-situ FIB cross-sectioning was conducted at several sites 
that contain representative cracking in the 950C2000h specimen, Figs. 4 and 5. Here the oxide has buckled and 
detached over a void of width ~10 μm, Fig. 4. It was found that the geometry of the BC influences the propagation 
path of the cracks at the interface: convex features prompt the extension whereas a concave geometry stops and 
diverts the crack paths. For example in Fig. 4, cracks have extended through the TGO layer along the convex surface 
of the BC, but arrested at concave locations. In general, the separation of the TGO from the BC starts from the top 
of convex locations where a void had already formed.  On completion of each cooling cycle compressive stresses 
are imposed on the TGO layer due to mismatches between the TGO and BC 25.  When the compressive stress 
reaches a critical value 25, 28, buckling occurs to relax the stored energy 29, 30. It is emphasized that in the current case, 
the convex geometry plays an important role in prompting the separation and buckling fracture.          A detailed 
analytical and numerical analysis of this mechanism can be found elsewhere25, 28.  
     Two milled sections of another typical bump in the oxide that contains cracks is shown in Figs. 5a and 5b 
respectively. Cross-section one, Fig. 5a, contains three main features: (i) three voids formed in the BC next to the 
TGO; (ii) two overlaid TGO layers with the outer layer containing a through thickness crack; (iii) separation 
between the two oxide layers with a similar shape to the voids found in the BC. Progressive milling exposed another 
section, Fig. 5b. In this section, two voids disappeared. Similar to Fig. 4, a crack was observed at the side of a void, 
Fig. 5c. It noteworthy that, in Fig. 5b, part of the BC material is still attached to the oxide layer 1. This indicates the 
formation of a cross-width void within the BC bump in the previous cycle. It can be seen that a layer of oxide, layer 
2 in Fig. 5b, is formed on the inside surface of the void, and this can only happen by the ingression of oxygen 
through the outer layer at temperature. This is verified by the through thickness cracking in layer 1. Further, it was 
found that this pattern of fracture and oxidation is repeated in successive cycles. For example, cracking in oxide 










Fig. 3. Surface images of: (a) 950C2000h showing areas of bare BC without TGO and cracking associated with TGO bumps; and (b) decohesion 
of large areas of surface TGO in 950C10000h specimen showing the multi-layered structure. The two images were both taken with the same 
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Fig. 4. Cross-section of the cracked TGO featured in Fig. 7a. The cracked TGO layer was separated from the BC by buckling with a gap (3 μm). 
A void (~10 μm wide) formed next to the edge of the buckle causing cracking through the TGO layer. The vertical features on the cross-section 
are due to the ion beam milling. 
Based on the extensive high resolution examination of the specimens oxidised at 950°C, it has been established 
that the voids formed under the oxide layer in the BC played an important role with respect to both the cracking of 
the TGO and its subsequent detachment from the BC. Previous workers have proposed that the voids arise from the 
coalescence of vacancies as a result of Kirkendall diffusion associated with the unbalanced flux of Al, Ni, Pt and 
other alloying elements during oxidation 1-3. Combined with the compressive stress introduced into the system 
during thermal cycling, buckling becomes the main cracking mode for the TGO layers. In general, two failure 
modes can be considered.  
Type I arises when the TGO layer remains adherent and no through-thickness cracks are formed after a thermal 
cycle. Successive thermal cycles lead to the formation of thicker TGO layers and larger (both in size and number) 
voids are formed as a consequence. There is a potential for the voids to link to create larger separation at the 
interface. In general, fracture of the TGO layer occurs when the criterion of buckling is satisfied: 
ߪ௙ ൌ ݂ሺݐ்ீைǡ ݀ǡ ߯஻஼ሻ                                                                     (1) 
Where ߪ௙  the critical compressive stress introduced into the TGO layer; ݐ்ீை  is the TGO thickness; ݀  is the 
equivalent size of the void which directly represents the separation at the interface; ߯஻஼  is the curvature of the bump 

























Type II occurs when through-thickness cracks are formed in the TGO by a previous thermal cycle. Hence, the 
ingress of oxygen is possible during the next thermal cycle, which allows the formation of another layer of TGO 
below the original layer. The fracture of the oxide layer is governed by equation (1). The sequence of formation of 
new layers of TGO is repeated until the depletion of the Al in the coating allows no further protective oxide growth. 
This theory is supported by the observed multi-layered structure of the TGO in Figs. 5a to 5c. 
     It is emphasized that cross-sectional examination in all specimens revealed failure modes similar to those 
described above. The formation of thick oxide is always accompanied by void formation at the interface which 
Fig. 5 SEM images of the cross-sections for a bump: (a) 
cross-section one; (b) cross-section two; (c) crack 
extending from the void in the BC close to the TGO. 
The insert shows the crack in oxide layer 2 above the 
void; (d) a typical cross-section in 950C10000h 
specimen showing evidence of three layers of TGO. 
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causes local detachment of the TGO from the BC and allows crack formation when a compressive stress is applied 
to the TGO. The origin of the voids is a result of interdiffusion and is described in the literature2, 31, but is outside the 
scope of the present paper. Since only two cycles have been performed in 950C2000h specimens, the maximum 
number of layers of TGO was two. Extrapolating to 950C10000h, a multiple-layer TGO should be formed. Fig. 5d 
shows a typical cross-section with three layers of TGO and this supports this proposition. However, it is rare for the 
number of the layers to exceed four. This may because during the long exposure (1000 hrs) within each cycle, thick 
TGO forms which introduces a volume increase under the original layer. Hence, the cracked outer layer of TGO 
breaks away when it is not flexible enough to deform to accommodate this volume change. This is substantiated by 
the loss in weight measured in the specimens after several cycles 27. With the decrease in the Al content, the coating 
degrades.  The present fracture and delamination of the Al2O3 layer provides new insight into the coating 
degradation mechanism. 
4. Conclusions 
The fracture modes of the TGO formed on PtAl RT22 coating subject to long term thermal exposure in a mixed gas 
with steam has been investigated. The coating is consumed by the formation of protective layers of TGO. But this 
process comprises several steps: (i) the growth of first layer of TGO; (ii) formation of voids at the TGO/BC 
interface (preferably on convex locations); (iii) cracking of this TGO layer when the thickness of the TGO, the 
compressive stress and the size of the interfacial separation reaches the criteria. The local geometry of the BC is 
found to promote the buckling failure; (iv) the formation of new layer of TGO below the original layer. This 
sequence repeats until the Al content in the BC is not sufficient to support further growth of new protective TGO. 
Finally, two types of failure modes of the TGO are proposed for this RT22 coating under this specific oxidation 
programme. 
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